enhance glucose formation from pyruvate but greatly enhance the inhibition exerted by the divalent cationophore, A23187. Inhibition by glucagon of glucose synthesis from pyruvate is additive with the effects of A23187 + Ca++. However, with dihydroxyacetone as substrate, glucagon partially reverses the inhibition exerted by A23187 + Ca++. The results are consistent with glucagon effecting an inhibition of pyruvate dehydrogenase and a stimulation of hexosediphosphatase activities.
The use of isolated perfused livers has dominated investigations of gluconeogenesis despite the complexity of equipment required, the limited number of experiments possible in a given time, and the variability between livers from similarlytreated animals of uniform breeding. More recently, the introduction by Berry and Friend (1) and Ingebretsen and Wagle (2) of improved techniques for isolation of hepatocytes has led many investigators to adopt these cells for the study of liver metabolism. These cells synthesize glucose from various substrates at rates comparable to those occurring in isolated, perfused livers (1-3). Hepatocytes exposed to glucagon increase their content of adenosine 3':5'-cyclic monophosphate (4, 5) but increase their rate of gluconeogenesis only slightly and after a long lag-period (5) . A fast action of glucagon on gluconeogenesis and glycogenolysis in isolated hepatocytes was recorded by Garrison and Haynes (6) , but no detailed report has appeared. Thus the relatively small number of publications dealing with hormonal regulation of metabolic processes in isolated hepatocytes seemed to reflect the difficulty of preserving cell membranes and their hormonereceptor sites during enzymic digestion of connective tissues and intercellular cementing substances.
We therefore investigated conditions required for preparation of glucagon-responsive hepatocytes and report here the 3213 simplified procedure that was developed. Some previously unrecognized effects of glucagon on gluconeogenesis from pyruvate are described. 15 min with calcium-free Buffer K-RI without added collagenase. The first 50 ml of perfusate were discarded to eliminate erythrocytes and serum proteins. The final volume of the recirculating medium was 100 ml. The medium was gassed by bubbling 95% 02-5% CO2 directly into the main reservoir at a rate of 2-3 liters/ min. After this preliminary period, 30 mg of collagenase in 2 ml of 0.9% NaCl solution was added and the perfusion was continued at a flow rate of at least 100 ml/min for 10-15 min. When the liver was extensively swollen, the major blood vessels and adventitious tissues were trimmed off and the organ was minced with a scissor in 20 ml of calcium-free Buffer K-H containing 1.5% gelatin. During all manipulations 95% 02-5% CO2 was bubbled into the cell suspensions at A, 2.5 mM fructose + 3 ,g/ml of glucagon; A, 2.5 mM fructose; 0, 1 mM fructose + 3 jig/ml of glucagon; *, 1 95% 02-5% C02, the cells were added, the vials capped, and incubation was begun. Reactions were stopped by addition of perchloric acid to a final concentration of 0.33 N, and the mixture was centrifuged for 15 min at 1700 X g.
Glucose was determined on aliquots of the supernatant solution with glucose oxidase (Boehringer Mannheim Corp.). 
RESULTS
Isolation and Incubation of Liver Cells. Hormone-sensitive rat-liver cells were successfully isolated in a high and reproducible yield. Continual nourishment was provided during the recirculating perfusion by the substrates supplied in the perfusate (Buffer K-RI). Hank's solution and the incubation after perfusion, with enzymes (1) were eliminated. Several other modifications were recognized as important for obtaining hormone sensitivity, sufficient digestion, and high yield: (a) flow rate through the liver during perfusion should be above 100 ml/min for an 8-to 10-g rat liver; (b) 95% 02-5% CO2 should be bubbled directly into the hemoglobin-free perfusate of the central reservoir; and (c) 10-15 min of preliminary perfusion in the absence of collagenase improves digestion (2) . Calcium-free solutions were used throughout the isolation procedure for the following reasons: (a) calcium present in the perfusate led to rapid digestion (8) hormone sensitivity, and influenced gluconeogenic rates (see Fig. 8B ) only slightly. Albumin (Pentex, fraction V, fatty acid-free) was eliminated from the washing steps and incubation since it seemed to inhibit gluconeogenesis. The inclusion of 1.5% gelatin in Buffer K-H provides the desired viscosity and protection of the cells.
Gluconeogenesis from Various Substrates. Isolated liver cells produced glucose from various precursors (10 mM) at rates varying from 3 /Amol/min per g with fructose to 0.5 Mmol with pyruvate. The rates of glucose formation were in the order fructose > dihydroxyacetone > xylitol > pyruvate. Glucagon enhanced glucose synthesis from each of these substrates but to different extents and with differing optimal conditions. Gluconeogensis from Fructose, Dihydroxyacetone, or Xylitol. The effect of glucagon on gluconeogenesis from fructose and dihydroxyacetone in isolated perfused livers has been controversial. Ross et al. (9) and Exton and Park, (10, 11) , using high concentrations of substrates, found this hormone to be without significant effect whereas Veneziale (12, 13), using 2-4 mM substrate, found glucagon to enhance the initial rates of glucose formation and Blair et al. (14) found glucagon to increase the total yield of glucose from dihydroxyacetone and xylitol.
With isolated hepatocytes, glucagon (3 ,g/ml) enhanced glucose formation from moderate concentrations of fructose, dihydroxyacetone, and xylitol ( Figs. 1 and 2) . Stimulation by glucagon is about 100% with 5 mM dihydroxyacetone and decreases to 80% at 10 mM. Glucagon did not enhance the initial rate of gluconeogenesis from xylitol or 10 mM fructose (not shown) but more nearly maintained the initial rate when substrate became limiting.
In other experiments, negligible quantities of glucose were formed from added fructose 1,6-diphosphate, which indicates that the integrity of the plasma membranes is retained in these hepatocytes.
Gluconeogenesis from Pyruvate. Rates of glucose formation from varying concentrations of pyruvate are shown in Fig. 3 . Glucagon influenced glucose synthesis in an unexpected manner. At low concentrations (1-2 mM) of pyruvate, glucagon effects were not apparent initially but the initial rates of gluconeogenesis were better maintained in the presence of glucagon than in its absence. Above 2 mM pyruvate, glucagon inhibited gluconeogenesis (Fig. 3C and D) . The effects of 3 ug of glucagon per ml are mimicked by 0.1 mM adenosine 3': 5'-cyclic phosphate (Fig. 4) , which indicates that the effects of glucagon may be mediated through the cyclic nucleotide.
Pyruvate, Ethanol, and dl-3-Hydroxybutyrate. We assumed that the rate of gluconeogenesis from pyruvate at high concentrations was probably limited by a general deficiency of reducing equivalents in mitochondria and cytosol. The effect of glucagon on glucose formation from 10 in the presence of ethanol stimulated gluconeogenesis above the value with ethanol alone. Thus under these conditions ethanol permitted the expression of hormonal stimulation. Addition of dl-3-hydroxybutyrate (Fig. 5) to the incubation medium in the presence of 10 mM pyruvate also increased glucose formation for the first 20 min, but thereafter the rate was not different from the control. Glucagon in the presence of dl-,B-hydroxybutyrate displayed no further stimulation.
Thus, supplying reducing equivalents directly to the cytosolic NAD by alcohol dehydrogenase gave the greater enhancement of gluconeogenesis and permitted glucagon stimulation. ,B-Hydroxybutyrate, which supplies reducing equivalents to the mitochondria and indirectly to the cytosol by malate, completely overcame the inhibitory effect of glucagon but did not permit glucagon to (Fig. 6 ) and because glucagon initiated ion movement in rat liver (15) , the effect of calcium and the ionophore A23187 (16) was studied in isolated liver cells (Figs. 7 and 8 ). The presence of 1.3 mM CaCl2 led to a small increase in gluconeogenic rate and amplified slightly the inhibition induced by glucagon (Fig. 7B) . We observed that A23187 at 1.3,Mg/ml induced almost precisely the same degree of inhibition of glucose formation from pyruvate in calciumfree medium (Fig. 7C) as did glucagon (Fig. 7A) . This effect was also obtained by using only 0.7 ug of the ionophore per ml (data not shown). When calcium ions were added in the presence of A23187 a striking inhibition of glucose formation from pyruvate was obtained (Fig. 7D) . Under these conditions glucagon further additively decreased glucose synthesis to a very low rate. To compare these effects of A23187 and calcium ions a second substrate, dihydroxyacetone, was chosen which does not involve pyruvate dehydrogenase in its gluconeogenic pathway (Fig. 8A-D) . Calcium in the medium did not significantly influence the course of glucose formation either in the presence or absence of glucagon (Fig. 8B) . A23187 alone or in the presence of calcium ions had only small effects on the course of glucose formation (Fig. 8C) . When glucagon was added in the presence of A23187 with or without calcium, glucose formation was stimulated during the first 20 min but ceased thereafter.
DISCUSSION
Substrate Concentration and Hormonal Stimulation. In isolated hepatocytes the degree of glucagon stimulation of glucose formation from pyruvate, dihydroxyacetone, fructose, or xylitol depends on substrate concentration (Figs. 1-3 ). This may in part explain Exton and Park's (10) lack of a glucagon response in livers perfused with 30 mM fructose or 40 mM dihydroxyacetone, whereas Veneziale (12, 13) found glucagon to stimulate gluconeogenesis from 2 mM fructose and 4 mM dihydroxyacetone or glyceraldehyde. In this laboratory, glucagon enhanced glucose formation from I& Proc. Nat. Acad. Sci. USA 70 (1978) .% dihydroxyacetone (14) , xylitol (14) , and D-xylulose (Cook, D. E., Gilfillan, C. and Lardy, H. A., unpublished results) at concentrations up to 10 mM. With all substrates, glucagon strikingly inhibited lactate formation from the added substrate. This might have been mediated by an inhibition of glycolytic enzymes or indirectly by an activation of a gluconeogenic enzyme such as hexosediphosphatase. If the affinity of hexosediphosphatase for its substrate were enhanced through an influence of glucagon, an increased flux could be expected, especially at low concentration of fructose diphosphate. Blair et al. (14) described, in the presence of dihydroxyacetone, a drastic fall of hepatic fructose 1,6-diphosphate concentration after glucagon which could be the result of increased flux of sugar phosphates through hexosediphosphatase towards glucose. Xylitol enters the gluconeogenic pathway through D-glyceraldehyde 3-phosphate as well as through fructose 6-phosphate (17) . Assuming that fructose diphosphatase is one of the hormonally regulated enzymes, any stimulation at this step would affect only one part of the overall intermediate supply for glucose synthesis.
The glucagon-induced increment of glucose formation from xylitol would therefore be expected to be rather small in comparison to that from fructose or dihydroxyacetone as a precursor. This is, in fact, what we observed at xylitol concentrations as low as 2.5 mM.
Glucagon, Pyruvate, and Pyruvate Dehydrogenase. High concentrations of pyruvate would lead to the following metabolic changes in rat liver (10): increase of NAD/NADH ratio in cytosol because pyruvate is reduced to lactate by this system; the consequent relative deficiency of reducing equivalents in the cytosol causes the triosephosphate dehydrogenase step to become rate limiting for gluconeogenesis (18) ; and activation of pyruvate dehydrogenase in mitochondria (19) with increased pyruvate oxidation. In isolated hepatocytes, oxidizable metabolites are probably largely removed by diffusion during washing. Pyruvate oxidation would then be essential for generating reducing equivalents for transport of oxalacetate as malate into the cytosol where these reducing equivalents are used at the triosephosphate dehydrogenase step. Addition of glucagon under these circumstances led to a paradoxical inhibition of glucose formation (Figs. 3, 4 , and 6). The simplest interpretation of this effect would be to assume a hormonally induced inhibition of pyruvate dehydrogenase which would prevent alleviation of the relative deficiency of NADH in the hepatocytes. Support for the role of pyruvate dehydrogenase in the glucagon-induced inhibition of glucose synthesis is the finding that glucagon inhibits decarboxylation of [1-'4C] pyruvate (Fig. 6B) . Addition of ethanol stimulated gluconeogenesis from pyruvate at 10 mM and permitted glucagon to induce a further increase above the ethanol-stimulated glucose formation (Fig. 5) . In isolated liver perfusion (20) That ion movement can participate in regulation of pyruvate dehydrogenase is also indicated by the glucagon-like inhibitory effect of the ionophore A23187 on gluconeogenesis from pyruvate (Fig. 7C ). A23187 can, under specific conditions, increase calcium and potassium efflux from mitochondria and calcium influx with potassium release in rat erythrocytes (16, 28) . Our experiments suggest that in the absence of added calcium, A23187 may induce ion movements similar to those brought about by glucagon, leading to inactivation of pyruvate dehydrogenase phosphatase through calcium depletion (29) . In the presence of calcium in the medium, A23187 induced a striking inhibition of glucose formation from pyruvate, and glucagon enhanced this inhibitory effect (Fig. 7D) . Presumably, A23187 in the presence of added calcium leads to uncontrolled calcium influx with a striking inhibition of gluconeogenesis because of adverse effects on mitochondrial phosphorylation (16) . The actions of A23187 and glucagon are quite different when dihydroxyacetone is the substrate (Fig. 8) . When glucagon and A23187 are both present there is a stimulation of gluconeogenesis in the first 20 min followed by an abrupt cessation of glucose formation.
These findings suggest roles for glucagon and calcium in regulating pyruvate dehydrogenase in the mitochondria. Glucagon also affects gluconeogenesis at other sites-presumably cytosolic enzymes-as is evidenced in experiments with dihydroxyacetone or xylitol as substrates for hepatocytes.
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